A universal feature of the response to stress and nutrient limitation is transcriptional upregulation of genes that encode proteins important for survival. Under many such conditions, the overall protein synthesis level is reduced, thereby dampening the stress response at the level of protein expression 1 . For example, during glucose starvation in Saccharomyces cerevisiae (yeast), translation is rapidly repressed, yet the transcription of many stress-and glucose-repressed genes is increased 2,3 . Here we show, using ribosomal profiling and microscopy, that this transcriptionally upregulated gene set consists of two classes: one class produces messenger RNAs that are translated during glucose starvation and are diffusely localized in the cytoplasm, including many heat-shock protein mRNAs; and the other class produces mRNAs that are not efficiently translated during glucose starvation and are concentrated in foci that co-localize with P bodies and stress granules, a class that is enriched for mRNAs involved in glucose metabolism. Surprisingly, the information specifying the differential localization and protein production of these two classes of mRNA is encoded in the promoter sequence: promoter responsiveness to heat-shock factor 1 (Hsf1) specifies diffuse cytoplasmic localization and higher protein production on glucose starvation. Thus, promoter sequences can influence not only the levels of mRNAs but also the subcellular localization of mRNAs and the efficiency with which they are translated, enabling cells to tailor protein production to the environmental conditions.
A universal feature of the response to stress and nutrient limitation is transcriptional upregulation of genes that encode proteins important for survival. Under many such conditions, the overall protein synthesis level is reduced, thereby dampening the stress response at the level of protein expression 1 . For example, during glucose starvation in Saccharomyces cerevisiae (yeast), translation is rapidly repressed, yet the transcription of many stress-and glucose-repressed genes is increased 2,3 . Here we show, using ribosomal profiling and microscopy, that this transcriptionally upregulated gene set consists of two classes: one class produces messenger RNAs that are translated during glucose starvation and are diffusely localized in the cytoplasm, including many heat-shock protein mRNAs; and the other class produces mRNAs that are not efficiently translated during glucose starvation and are concentrated in foci that co-localize with P bodies and stress granules, a class that is enriched for mRNAs involved in glucose metabolism. Surprisingly, the information specifying the differential localization and protein production of these two classes of mRNA is encoded in the promoter sequence: promoter responsiveness to heat-shock factor 1 (Hsf1) specifies diffuse cytoplasmic localization and higher protein production on glucose starvation. Thus, promoter sequences can influence not only the levels of mRNAs but also the subcellular localization of mRNAs and the efficiency with which they are translated, enabling cells to tailor protein production to the environmental conditions.
To investigate how cells alter gene expression during stress conditions that elicit an overall reduction in translation, we performed ribosomal profiling 4 on budding yeast cells grown in glucose-replete conditions and glucose-starvation conditions. In agreement with previous results 2 , during glucose starvation there was a collapse of polysomes into the 80S monosome peak, indicative of a reduction in global translation (Extended Data Fig. 1a ). As reported previously 3 , we also observed an inverse correlation between the change in ribosome occupancy upon glucose starvation and the change in mRNA levels ( Fig. 1a and Extended Data Fig. 2 ). For mRNAs whose levels increase during glucose starvation, we observed two classes of behaviour: some upregulated mRNAs (log 2 [expression fold change] .2.5) showed a decrease in ribosome occupancy upon glucose starvation (log 2 [occupancy fold change] ,21; Fig. 1a , blue dots), whereas others showed an increase in ribosome occupancy that was greater than the median increase for all mRNAs (log 2 [ribosome occupancy fold change] .0.09; Fig. 1a , red versus black dots). Moreover, during glucose starvation we observed significantly higher ribosome occupancy in the coding region of the upregulated mRNAs with increased ribosome occupancy than that of the upregulated mRNAs with decreased ribosome occupancy ( Fig. 1b ; red versus blue genes). The upregulated mRNAs with higher ribosome occupancy were enriched in stressresponse mRNAs (16 of 26 genes; P 5 2.4 3 10 29 ), including those encoding heat-shock proteins (Hsp) (Fig. 1a, b and Extended Data Table 1) . By contrast, the upregulated mRNAs with lower ribosomal occupancy were enriched for those encoding proteins involved in glucose metabolism (7 of 18 genes; P 5 7.8 3 10 24 ).
Because there is a large reduction in global translation during glucose limitation, our measurements of ribosome occupancy under these conditions are almost certainly overestimates (see Methods). Although this overestimation increases the fold change in ribosome occupancy for all mRNAs, the relative differences between mRNAs are preserved (for example, red versus blue mRNAs). Moreover, we observed these relative differences in ribosome occupancy in different yeast strains and using different RNA isolation methods (Extended Data Fig. 2 and Supplementary Table 1 ). Thus, mRNAs that are upregulated during glucose starvation have differences in ribosome occupancy.
To determine whether the differences in ribosome occupancy translate into differences in protein production during glucose starvation, we measured protein levels by western blotting. We observed significant increases in proteins derived from the upregulated, higher ribosome occupancy mRNAs HSP30 and HSP26 (eightfold and twofold, respectively; Fig. 1c , red bars), but no significant change in protein levels was observed for proteins derived from the lower ribosome occupancy mRNAs GLC1 and GSY1 ( Fig. 1c , blue bars), even though the mRNAs were induced to similar levels ( Fig. 1c) . For all upregulated genes that were assessed, we observed a corresponding increase in RNA polymerase II occupancy in their open reading frames (ORFs), suggesting that increased transcription contributes to the upregulation of the corresponding mRNAs during glucose starvation (Extended Data Fig. 3 ). Thus, upon glucose starvation, transcriptionally upregulated mRNAs have differences in ribosome occupancy, which lead to differences in protein production.
Since some mRNAs localize to messenger ribonucleoprotein (mRNP) foci (including P bodies and stress granules) during glucose limitation 5 , one possibility is that mRNA localization influences the ribosome occupancy and translational properties of an mRNA. To investigate whether mRNAs with differences in ribosome occupancy have differences in localization during glucose limitation, we generated fusions of gene coding regions with the MS2 sequence, and we visualized mRNAs using the MS2 coat protein (MS2-CP) fused to green fluorescent protein (GFP), and P bodies using red fluorescent protein (RFP) fused to the P body protein component Dcp2 (ref. 6). In agreement with previous observations 7 , PGK1 and PDC1 mRNAs, which are abundant pre-starvation, localized predominantly to P bodies after glucose starvation ( Fig. 2a, b ). By contrast, the transcriptionally upregulated, higher ribosome occupancy mRNAs HSP26 and HSP30 remained diffusely localized during glucose starvation, and the transcriptionally upregulated, lower ribosome occupancy mRNAs GLC3 and HXK1 became localized to P bodies as well as to other foci ( Fig. 2a, b ). The formation of foci was dependent on glucose starvation (Extended Data Fig. 4 ). Stress granules, which contain high concentrations of translation initiation factors, are formed during conditions in which translation is impaired and have been shown to partially overlap with P body foci 8 . Using a Pab1-cyan fluorescent protein (CFP) fusion to visualize stress granules 9 , we found that stress granules co-localize with a subset of P bodies, as well as with GLC3 mRNA foci that were independent of P bodies (Fig. 2c ). Therefore, mRNA classes with different ribosome occupancy and protein production properties have distinct subcellular localization patterns.
To investigate whether the timing of mRNA production relative to glucose limitation contributes to mRNA localization, we analysed the localization and translation of a reporter gene that consisted of the doxycycline-inducible Tet-On promoter controlling the expression of lacZ-MS2. When lacZ-MS2 was induced before glucose starvation and cells were then starved, the mRNAs co-localized predominantly with P bodies (Extended Data Fig. 5a , b): this is consistent with the published observation that mRNAs that exist pre-starvation become localized to P bodies upon glucose limitation 7 . By contrast, when the mRNA was induced only during glucose starvation, it formed foci that co-localized with P bodies and foci distinct from P bodies, a pattern similar to that of transcriptionally upregulated, lower ribosome occupancy mRNAs ( Fig. 2 , blue mRNAs). These results were not sensitive to the timing of induction during starvation or to the level of induction (over a range from 4-fold to 30-fold induction) (Extended Data Fig. 5 ). Thus, the timing of mRNA production relative to glucose limitation influences cytoplasmic mRNA localization.
The timing of mRNA production can influence whether mRNAs are localized exclusively to P bodies, but it is unclear what causes the differential localization and translation of transcriptionally upregulated, higher and lower ribosome occupancy mRNAs. To determine whether we could identify signals present in the mRNA itself, we fused the promoter and/ or 59 untranslated region (UTR) of each gene to a constant ORF, CFP, and found that these fusions exhibited the same patterns of localization as the native ORFs, suggesting that the information specifying localization was contained in these elements (Fig. 3a, b and Extended Data Fig. 6a ). To determine whether the promoter or 59 UTR was sufficient to determine localization, we generated chimaeras between the HSP26 promoter and the GLC3 59 UTR, as well as between the GLC3 or HXK1 promoter and the HSP26 59 UTR. In each case the promoter was sufficient to recapitulate the localization observed for the native gene ( Fig. 3a, b and Extended Data Fig. 6a ). Changes in the transcription start sites are not likely to account for these observations, as we did not observe significant differences in the 59 ends of the mRNAs produced from the chimaeras . Black symbols represent all other genes in the genome for which measurements were obtained. b, Ribosome occupancy (calculated as ribosome reads at each position relative to the average mRNA reads per base pair) for three classes of mRNA: those from genes that had high levels of the corresponding mRNA before glucose limitation (black); those whose mRNA levels increased during glucose limitation and had a higher ribosome occupancy during glucose limitation (red); and those whose mRNA levels increased during glucose limitation and had a lower ribosome occupancy (blue). The time point shown is 15 min after glucose starvation began. c, Strains expressing tandem affinity purification (TAP)-tagged versions of the indicated genes 19 grown in glucose-rich medium and then starved of glucose. The mRNA levels were measured by quantitative PCR after 15 min of glucose starvation. The protein abundance, as determined by western blotting, was measured after 30 min of glucose starvation. The mean fold changes in protein abundance (solid bars) and mRNA levels (striped bars) 6 s.e.m. were calculated relative to the respective values in glucose-rich medium. The western blotting experiments were performed on four independent biological replicates, and protein levels were normalized to Tub1 protein levels. The Hsp30 and Hsp26 protein levels were significantly higher upon glucose starvation than in glucose-rich medium (P , 0.05). A one-tailed, paired t-test was used to determine P values. The mRNA measurements were made on three independent biological replicates and normalized to ACT1 mRNA levels. bp, base pairs. mRNAs. a, The promoter, 59 UTR and ORF of genes of interest were fused upstream of the MS2 sequence and the native 39 UTR, and then mRNA was visualized with fluorescence microscopy using an MS2-coat-protein-GFP fusion reporter after 15 min of glucose starvation. Dcp2-RFP was used to visualize P bodies 6 . b, Quantification of mRNA localization to P bodies, as measured by overlap of the MS2 signal with that of the P body marker Dcp2-RFP. Cells without foci were cells that had P body foci but no GFP foci. For cells that contained both GFP (MS2) and RFP (P body) foci, the foci were categorized as either co-localized with P bodies or not overlapping with (distinct from) P bodies. The values are presented as mean 6 s.e.m. of the data from Fig. 2a , measured on a minimum of 25 cells in quadruplicate (two biological replicates with two technical replicates per sample). Cells expressing HSP30 or HSP26 mRNA had fewer foci than cells expressing PGK1, PDC1, GLC3 or HXK1 mRNAs (P , 0.01). Cells expressing GLC3 or HXK1 mRNA had significantly more distinct foci than those expressing PGK1 or PDC1 mRNA (P , 0.05 for all comparisons). Since few cells expressing HSP30 or HSP26 mRNA had foci, these cells were excluded from statistical analyses because of the high measurement variability. A two-tailed, two-sample unequal variance t-test was performed to determine the P values. c, Pab1-CFP was used to visualize stress granule localization 10 after 30 min of glucose starvation. The blue arrows point to stress granules (Pab1-CFP signals) that do not co-localize with P bodies (Dcp2-RFP signal). In the GLC3-MS2 strain, the Pab1-CFP stress granule foci overlapped with the GFP foci that were distinct from P bodies.
(Extended Data Table 2 ). To determine whether the correlation between localization and translation that we observed previously for native mRNAs (Figs 1 and 2) also holds for these chimaeras, we measured protein production and found that the HSP promoters that specify diffuse mRNA localization result in a larger increase in protein production during glucose starvation ( Fig. 3c , red bars). By contrast, although the focusforming GLC3 and HXK1 promoters drive levels of mRNA induction similar to those driven by the HSP26 promoter, during glucose starvation there was no significant increase in protein production from mRNAs driven by these promoters (Fig. 3c , blue bars). Thus, promoters can influence gene expression through means other than by simply controlling mRNA induction.
To identify specific promoter sequences that influence mRNA localization and protein production, we made promoter chimaeras from GLC3 and HSP26 and used these chimaeras to drive the expression of CFP-MS2. Two sets of transcription factors that activate transcription upon glucose starvation are Msn2 and Msn4, which bind to stress-response elements (STREs) 10 , and Hsf1, which binds to heat-shock elements (HSEs) 11 . We generated chimaeric promoters containing combinations of STREs and HSEs from the GLC3 and HSP26 promoters and analysed mRNA localization of mRNAs translated from reporter constructs. We found that mRNA reporters whose expression was controlled by chimaera 1 or 4 were induced in response to glucose limitation, with the mRNA forming foci in a high percentage of cells, but they produced no significant change in CFP protein levels ( Fig. 4b-d and Extended Data Fig. 6b ): these chimaeras exclude many of the HSE sites contained in the HSP26 promoter but include at least three STRE sites. By contrast, mRNA reporters whose expression was controlled by chimaera 2 or 3 were also induced in response to glucose limitation, but the mRNA had generally diffuse localization ( Fig. 4b-d and Extended Data Fig. 6b ), more similar to that of the full-length HSP26 promoter; they also produced significant increases in protein levels upon glucose starvation (Fig. 4d ). All four chimaeras resulted in similar levels of mRNA induction, and chimaeras 1 and 2 led to similar absolute mRNA levels after 15 min of glucose starvation ( Fig. 4d and Extended Data Fig. 7a ). The sequence in common to chimaeras 2 and 3 is a 90-base-pair region that contains several HSEs 12 .
To determine whether Hsf1 responsiveness correlates with the diffuse localization of the chimaeras, we treated cells expressing different reporters with azetidine-2-carboxylate (AZC), a proline analogue that robustly increases HSF1 transcriptional activity with low activation of the STRE response 13 . The full-length HSP26 and GLC3 promoters both exhibited strong induction in response to glucose starvation, but only the HSP26 promoter showed robust induction in response to AZC treatment (Extended Data Fig. 7b ). All four of the chimaeric promoters responded similarly to glucose starvation, but only chimaeras 2 and 3 showed greater than 20-fold induction upon treatment with AZC (Extended Data Fig. 7b ). Thus, responsiveness to Hsf1 correlates with, and may contribute to, diffuse mRNA localization and protein production during glucose starvation.
Our ability to assess whether Hsf1 is necessary for diffuse localization was precluded by the S. cerevisiae HSF1 deletion strain being non-viable 14 ; however, we can infer the role of Hsf1 by examining the localization of mRNAs and the protein production resulting from constructs that contain different combinations of STREs and HSEs (Fig. 4b , schematic, and Extended Data Fig. 8 ). CFP-MS2 expressed under the control of a synthetic promoter that contains only STREs formed many foci during glucose limitation (Fig. 4b, bottom panel, Fig. 4c , right, and Extended Data Fig. 6b ). The addition of three HSEs to this synthetic STRE promoter was sufficient to switch the mRNA localization from foci to diffuse localization (Fig. 4b, bottom panel, Fig. 4c , right, and Extended Data Fig. 6b ). The synthetic reporter containing HSE binding sites resulted in more protein production during glucose starvation than a synthetic promoter containing only STREs, even though the two promoters had similar levels of mRNA induction (Fig. 4d ). We conclude that HSE binding sites, probably functioning through the transcription factor Hsf1, influence mRNA localization and translation upon glucose starvation.
Our data suggest that promoter sequences and the action of select transcription factors in the nucleus can influence mRNA localization and translation upon glucose starvation (Fig. 4e) . A link between transcriptional regulation and cytoplasmic localization may be a general adaptation during times of stress, enabling cells to coordinately regulate the production of entire classes of proteins. Under non-stress conditions, the upregulation of a class of transcripts by a transcription factor would produce similar amounts of protein from each of the mRNAs, as translation would proceed at a generally high rate. Under stressful conditions, when translation is reduced overall, selective translation may be required to produce proteins that are needed for adaptation to the new conditions. In the case of glucose starvation, Hsf1 targets that encode cytoprotective proteins, such as chaperones, may need to be produced as soon as possible to help the cells cope with the stress, but alternative glucose metabolism genes may be superfluous when no carbon source is present. The induction of mRNA without a concomitant increase in the protein level of genes involved in glucose metabolism may allow cells to more rapidly produce proteins upon reintroduction of a carbon source. Intriguingly, the localization of HSP70 and HSP90 mRNA in stressed yeast and mammalian cells appears to be similar: these mRNAs are largely excluded from stress granules during cellular stress in mammalian cells 15, 16 . Previous studies have shown that the promoter can influence the stability of an mRNA through co-transcriptional loading of an Fig. 3a . The values are presented as the mean 6 s.e.m. measured on a minimum of 30 cells in quadruplicate (two biological replicates with two technical replicates per sample). There were significantly fewer foci in the cells containing HSP30-or HSP26-promoted mRNAs (red bars) than in cells with GLC3-or HXK1-promoted mRNAs (blue bars) (P , 0.01). A two-tailed, two-sample unequal variance t-test was performed to determine the P values. c, Protein expression directed by the indicated promoter-UTR combinations was measured by western blotting using an anti-GFP antibody that recognizes CFP. The protein levels were measured after 30 min of glucose starvation and in glucose-rich medium, and the fold change in protein abundance was calculated. MS2-CP-GFP(33) driven by the MYO2 promoter was used as a loading control for western blotting. The protein fold changes are presented as mean 6 s.e.m. and were calculated from four independent biological replicates. The levels of the proteins produced from HSP30-and HSP26-promoted mRNAs (red bars) significantly increased upon glucose starvation compared with in glucose-rich medium (P , 0.01). A one-tailed, paired t-test was used to determine the P values. The fold change in mRNA levels was determined after 15 min of glucose starvation versus growth in glucose-rich medium, measured by qPCR using CFP primers and ACT1 levels to normalize expression. The mRNA fold-change values are presented as mean 6 s.e.m. and were calculated from three independent biological replicates.
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accessory protein onto the mRNA 17, 18 . A similar phenomenon may be operating here, whereby transcription factors load RNA-binding proteins that direct mRNA localization, or there may be cis alterations to the mRNA, such as to its poly(A) 1 tail length or methylation, that influence its fate. Future studies will reveal aspects of these mechanisms, as well as whether this phenomenon is conserved in other eukaryotes.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. Fig. 4b . The values are presented as the mean 6 s.e.m. and were measured on a minimum of 25 cells in quadruplicate (two biological replicates with two technical replicates per sample). Chim1-or Chim4promoted mRNAs showed more focus formation than did Chim2-or Chim3promoted mRNAs (P , 0.05). The promoter containing only STRE (and no HSE) resulted in mRNA showing more focus formation than did the STRE1HSE-promoted mRNA (P , 0.01). A two-tailed, two-sample unequal variance t-test was performed to determine the P values. d, Protein expression directed by the different promoters was measured by western blotting using an anti-GFP antibody that recognizes CFP. The protein levels were measured after 30 min of glucose starvation, and the fold change was calculated relative to measurements in glucose-rich medium. MS2-CP-GFP(33) driven by the MYO2 promoter was used as a loading control for western blotting. The protein fold-change values are presented as the mean 6 s.e.m. and were calculated from five independent biological replicates for the chimaeric promoters and seven independent biological replicates for the synthetic promoters. The levels of proteins produced from Chim2-, Chim3-and STRE1HSE-driven mRNAs (red bars) were significantly increased upon glucose starvation compared with in glucose-rich medium (P , 0.05). A one-tailed, paired t-test was used to determine the P values. The fold change in mRNA levels was measured after 15 min of glucose starvation versus growth in glucose-rich medium, by using qPCR with CFP primers and with expression normalized to ACT1 levels. The mRNA fold-change values are presented as the mean 6 s.e.m. and were calculated from three independent biological replicates. e, mRNAs that are actively transcribed during the logarithmic (log) phase, such as PDC1 and PGK1, localize to P bodies during glucose starvation. mRNAs whose expression is activated by Hsf1 through HSE elements, including HSP30 and HSP26, are diffusely localized during glucose starvation and result in high levels of protein production. mRNAs such as GLC3 and HXK1, which are upregulated by STREs independently of Hsf1, localize to P bodies and stress granules and are poorly translated during glucose starvation.
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METHODS
Yeast strains and growth. All yeast strains are listed in Supplementary Table 2 . For the ribosomal profiling experiments presented in Fig. 1 , the yeast strain BY4741 (Euroscarf) (MATa his3D1 leu2D0 met15D0 ura3D0) was grown at 30 uC in batch culture with shaking at 125 r.p.m. in synthetic complete glucose medium (SCD medium) and synthetic complete medium lacking glucose (SC medium). Yeast cells were randomly chosen by taking half of the cells from a culture for glucose starvation and the other half for assessment under glucose-replete conditions. There was no blinding to the group that the yeast were allocated to. Ribosomal profiling and RNA sequencing (RNA-seq) were repeated under the same growth conditions using the yeast strain EY0690 (W303 MATa trp1-1 leu2-3 ura3-1 his3-11 can1-100), and similar results were obtained (Extended Data Fig. 2 and Supplementary Table 1 ). The yeast strain background W303 (EY0690) was used for all microscopy experiments. To image mRNAs, the 123 MS2 sequence was excised from the MS2L construct 20 and placed in the LEU2-marked integration vector pRS305. The ADH1 39 UTR was cloned downstream of this sequence, and gene-specific sequences were cloned upstream of the MS2 sequence by Gibson Assembly 21 . Integration was performed by cleaving the resultant plasmids within the LEU2 gene with EcoRV and transforming the linear fragment into a yeast strain (EY2888) containing MS2-CP-GFP(33) 20 under the control of the MYO2 promoter integrated at the HIS3 locus. Dcp2 was tagged with RFP, and Pab1 with the CFP mTurquoise2 by carboxy-terminal chromosomal integration of PCR products, including auxotrophic or antibiotic markers flanked by 40 base pairs (bp) of sequence found directly upstream and downstream of the gene, followed by selection on the appropriate medium 22 . TETO7-lacZ-MS2-ADH1_39 UTR was integrated into the EY2888 strain at the LEU2 locus with the addition of the rtTA activator (Tet-On) under the control of the ERV14 promoter (EB1674). Doxycycline was added to a final concentration of 20 mg ml 21 either 15 min before glucose starvation or at the time of glucose starvation. A yeastcodon-optimized CFP reporter (SCFP3A) 23 was used to generate a uniform ORF for localization constructs driven by various promoters (Figs 3 and 4) . To determine Hsf1 responsiveness, AZC was added to a final concentration of 10 mM to cells at an optical density at 600 nm (OD 600 ) of ,0.2, and cells were incubated with shaking for 2 h.
Chimaeric HSP26 and GLC3 promoters, shown in Fig. 4a , were made by fusion PCR of the indicated promoter regions ( Supplementary Table 2 ) and were inserted upstream of CFP-MS2-ADH1_39 UTR. Synthetic reporters were created by Gibson Assembly of a 43 STRE with or without a 33 HSE element followed by an attenuated CYC1 promoter 24 upstream of CFP-MS2-ADH1_39 UTR (Extended Data Fig. 8) . A Mig1-binding site 25 (AAAAATGCGGGG) was included 59 of the STREs to reduce leaky expression under glucose-rich conditions. Ribosomal profiling and RNA-seq. Ribosomal profiling and RNA-seq were performed as described previously 4 . We performed two ribosomal profiling experiments for BY4741 and two for EY0690. Yeast were grown in SCD at 30 uC to an OD 600 between 0.3 and 0.4. Then, cells were collected by filtration, resuspended in SC medium (lacking glucose) and grown for 15 min. Cycloheximide was added to a final concentration of 100 mg ml 21 for 1 min with continued shaking at 30 uC, and cells were then harvested. Cells were pulverized in a PM 100 ball mill (Retsch), and extracts were digested with RNase I followed by the isolation of ribosomeprotected fragments either by purifying RNA from the monosome fraction of a sucrose gradient (BY4741 two samples) or by using a sucrose cushion (EY0690 two samples). Isolated 28-base sequences were polyadenylated, and reverse transcription was performed using either OTi225 (BY4741) or OTi9pA (EY0690) ( Supplementary  Table 3 ). OTi9pA allowed samples to be multiplexed at subsequent steps. RNA-seq was performed on RNA depleted of rRNA using a yeast Ribo-Zero kit (Epicentre) (EY0690, one experiment), total RNA (BY4741 and EY0690, one experiment each) or poly(A) 1 -selected RNA using Oligo(dT) Dynabeads (Invitrogen) (BY4741 and EY0690, two independent samples each). rRNA-depleted RNA and total RNA from EY0690 had a high Pearson correlation between samples (r . 0.9), so these sequences were combined to give higher sequence coverage for the mRNA sample. BY4741 samples were sequenced on an Genome Analyzer II (Illumina), while EY0690 samples were multiplexed and sequenced on a HiSeq analyser (Illumina) (both at the FAS Center for Systems Biology Core Facility). All raw sequencing data are available at NCBI GEO, with accession number GSE56622.
To analyse the ribosomal profiling and RNA-seq sequences, reads were trimmed of the 39 run of poly(A)s and then aligned against S. cerevisiae rRNA sequences using Bowtie sequence aligner 26 . Reads that did not align to rRNA sequences were aligned against the full S. cerevisiae genome. Reads that had an unambiguous alignment with less than three mismatches were used in the measurements of ribosome occupancy and mRNA levels. Since there were many reads mapping to the initiation region (216 bp to 120 bp in relation to the AUG; Extended Data Fig. 1b) , the ribosome occupancy for each mRNA was calculated by taking the total number of ribosome reads (normalized to the total number of aligned reads in reads per million reads (RPM)) in the downstream region (120 bp from the AUG to the end of the ORF; Extended Data Fig. 1b ) and dividing this by the number of mRNA reads (RPM) in the same region. The ribosome occupancy along the mRNA (Fig. 1b) was calculated by dividing the ribosome read counts at each base pair along the gene by the average number of mRNA reads per base pair for each gene. Because there is a large reduction in global translation during glucose limitation, our measurements of ribosome occupancy under these conditions are almost certainly overestimates. This arises because even when there is a large reduction in ribosomes associated with mRNAs, as seen by the collapse in the polysome profile during glucose starvation (Extended Data Fig. 1) , we isolated and sequenced the same number of ribosomeprotected sequence reads. Although this has the effect of increasing ribosome occupancy values for all genes, the relative differences between mRNAs remain (for example, red (HSP mRNAs) versus blue (glucose metabolism mRNAs)).
To reduce sampling error, a cut-off of 30 or more reads in the downstream region was set for RNA-seq during glucose starvation. Since we focused on mRNAs that were upregulated during glucose limitation and since many of these genes are poorly expressed in glucose-rich conditions, we set a cut-off of four or more reads for RNAseq during glucose-rich conditions, as well as four or more reads for ribosomal profiling in both glucose-rich and glucose-starvation conditions. Even with such a low number of reads as a cut-off, there was a large overlap between ribosomal profiling and non-poly(A) 1 -selected RNA-seq experiments performed in BY4741 and EY0690 at both the individual gene level and the gene ontology class level for the different categories of upregulated mRNAs (Extended Data Table 1 and Supplementary Table 1 ). At the individual gene level, 21 of the 33 upregulated, higher ribosome occupancy genes classified from BY4741 were in the same category for the EY0690 data, while only 2 genes switched to the upregulated, lower ribosome occupancy category (Supplementary Table 1 ). For lower ribosome occupancy mRNAs, 13 of the 19 genes classified as such in BY4741 were also found in the same category for EY0690, while only 2 genes switched to the upregulated, higher ribosome occupancy category ( Supplementary Table 1 ). Extended Data Fig. 2 shows the data from all four ribosomal profiling data sets, together with the six mRNA preparations that include both poly(A) 1 -selected and non-poly(A) 1 -selected mRNA. Polysome analysis. Sucrose density gradients (10-50%) were prepared and measured using a BioComp Gradient Station (BioComp Instruments) according to the manufacturer's instructions. Sucrose solutions were prepared in 20 mM Tris, pH 8.0, 140 mM KCl, 5 mM MgCl 2 , 0.5 mM dithiothreitol (DTT) and 50 U ml 21 SUPERase?In (Ambion). Samples were loaded onto gradients and spun for 3 h at 35,000 r.p.m. at 4 uC in an SW41 rotor (Beckman Coulter). Samples were passed through a BioComp Gradient Station, and the absorbance at 260 nm was read using an Econo UV Monitor (Bio-Rad). Microscopy. Cells were grown to an OD 600 between 0.3 and 0.4 in SCD at 30 uC and then washed and resuspended in SC. After 15 min, cells were concentrated and imaged using an Axiovert 200M inverted microscope (Zeiss) with a Cascade 512 cooled charge-coupled (CCD) camera (Photometrics) and an oil-immersion 633 objective. A custom MATLAB script was written to measure co-localization of GFP mRNA foci and RFP P body foci. In brief, a threshold mask was set for individual cells using the Otsu Thresholding Filter 27 and subsequently used to create a binary image. The centroid of each focus was then obtained using the regionprops command. If no mRNA foci were found, the cell was counted as without foci. If there were one or more mRNA foci, the minimum distance between each mRNA focus and every P body foci in the cell was calculated. If this distance was less than or equal to 1.5 pixels, the focus was considered to be co-localized; otherwise, it was considered non-overlapping and distinct. P values were calculated using a two-tailed, two-sample unequal variance t-test to account for possible differences in variance, which may arise from unrelated data 28 . For stress granule visualization, cells were imaged after 30 min of glucose starvation to observe clear stress granule formation. Quantitative PCR (qPCR). RNA was extracted using the MasterPure Yeast RNA Purification Kit (Epicentre). cDNA was prepared using SuperScript III Reverse Transcriptase (Invitrogen) with a combination of oligo(dT) primers and random hexamers according to the manufacturer's instructions. mRNA abundance was determined by qPCR using SYBR Green PCR Master Mix (Applied Biosystems) and primers specific for each transcript (Supplementary Table 3 ). The mRNA levels were normalized to ACT1 abundance, and the fold change between glucose-starvation and glucose-rich conditions was calculated. Chromatin immunoprecipitation (ChIP). ChIP-qPCR experiments were conducted as previously described 29 with the following differences. Rpb3-TAP (tandem affinity purification) 19 was used to determine RNA polymerase II occupancy in glucose-rich conditions and after 15 min of glucose starvation. Rpb3-TAP was immunoprecipitated using IgG Sepharose Fast Flow (GE Healthcare). Input and immunoprecipitated samples were assayed by qPCR to assess the extent of RNA polymerase II occupancy in different genomic regions. Primer pairs against the indicated ORFs, as well as an untranscribed telomeric region ( Supplementary Table 3 ), were used to determine PCR efficiencies during glucose-rich and glucose-starvation conditions.
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Extended Data Figure 5 | Timing of lacZ-MS2 induction relative to glucose starvation affects mRNA localization, whereas timing or level of induction during glucose starvation has no effect. The expression of lacZ-MS2 was either uninduced (0 mg ml 21 ), induced to different extents with varying concentrations of doxycycline during glucose starvation (2, 4 or 20 mg ml 21 ), induced at different times during glucose starvation (7.5 min of glucose starvation with no doxycycline, then 20 mg ml 21 doxycycline for the final 7.5 min of glucose starvation) or induced before glucose starvation (20 mg ml 21 doxycycline during logarithmic phase and none during glucose starvation) in the EY2897 strain. a, Localization of the mRNA was visualized using MS2-GFP after 15 min of glucose starvation for all strains. Dcp2-RFP was used to visualize P body localization. lacZ-MS2 expression before glucose starvation caused high co-localization with P bodies, while mRNA induction during glucose starvation caused the formation of mRNA foci that both co-localized with P bodies and were distinct from P bodies. b, Quantification of the localization data shown in a. The values are presented as the mean 6 s.e.m. and were calculated as follows: in quadruplicate (two biological replicates with two technical replicates per sample) for 0, 2, 20 mg ml 21 doxycycline in the absence of glucose and 20 mg ml 21 doxycycline in the presence of glucose; and in triplicate on technical replicates for 4 and 20 mg ml 21 doxycycline 7.5 min after the removal of glucose. c, Quantification of lacZ-MS2 mRNA levels 15 min after glucose starvation. The fold change was calculated compared with the uninduced sample (0 mg ml 21 doxycycline) and normalized to ACT1 abundance, as calculated from three independent biological replicates.
